A new all plastic sensor for Co 2+ ions based on 2-amino-5 (hydroxynaphtyloazo-1')-1,3,4 thiadiazole (ATIDAN) as ionophore was prepared. The electrode exhibits a low detection limit of 1.5 x 10 -6 mol L -1 and almost theoretical Nernstian slope in the activity range 4.0 x 10
Introduction
Cobalt is well known as a component of Vitamin B 12 . It is widely distributed in nature in meteorites, soils, plants, waters, and animals. Toxic intake of cobalt is 500 mg and the maximum dietary tolerable level of it for common livestock species is 10 ppm [1] . Cobalt deficiency may lead to retarded growth, anemia and loss of appetite [1, 2] , so determination of this element is very important. So far a number of sophisticated methods of cobalt determination have been applied, including flame atomic adsorption [3] , atomic adsorption spectrometry [4] , VIS spectrophotometry [5, 6] , stripping voltammetry [7] , chemilumnescence [8] . These methods are characterized by good accuracy but they require time-consuming sample preparation and are relatively expensive. Therefore, new methods are being developed, including potentiometric methods with ion selective electrodes (ISE). Potentiometry with ISE offers advantages such as selectivity, sensitivity, good precision, simplicity, low cost and short time of analysis.
So far only limited number of cobalt-selective sensors has been described in the literature on the topic [9] [10] [11] [12] [13] [14] [15] [16] [17] . Moreover, most of these electrodes suffer a lack of stability, a limited concentration range with theoretical response, and exhibit low lifetime and high response time. Furthermore almost all electrodes [9, 10, [12] [13] [14] [15] [16] [17] have an internal filing solution, which requires some operation and vertical position.
Chelate complexes have been successfully applied as active substances of ion-selective electrodes both for cations [18] [19] [20] [21] [22] and anions [21, 22] . Recently we prepared zinc [23, 24] and cadmium [25, 26] selective electrodes based on chelating ionophore belonging to azo heterodiazolyloazophenol dyes.
Another compound from this group, 2-amino-5-(hydroxynaphtyloazo-1')-1,3,4 thiadiazole (ATIDAN), forms stable chelate complexes with cobalt and easily dissolves in most plasticizers. Therefore I have decided to examine its usefulness in the preparation of the membrane of cobalt-selective electrode. The proposed all-plastic sensor exhibits good long-term stability, fast response, very long lifetime, wide range of the linear response, and satisfactory selectivity.
Experimental Procedures

Reagents and chemicals
Tributylphosphate (TBP) (Merck, Schuchard). Tris Other reagents were purchased from Fluka. All aqueous solutions were prepared with salts of the highest purity available (pure pro analysis) using distilled, deionized water. Buffer solutions pH 3-11 (for the study of effect of pH) were prepared by mixing corresponding amounts of 0.02 mol L -1 potassium phthalate monobasic, with 0.02 mol L -1 HCl or NaOH (pH = 3-6), 0.02 mol L 
Apparatus
The measurement of the electromotoric force of the system with cobalt electrode, reference electrode Orion 90-02 was carried out at room temperature in a solution stirred with a mechanic stirrer by means of potentiometric system consisting of a custom made 16 
Electrode construction
The major component of the electrode is a liquid potential determining membrane phase based on plasticized PVC, which is in direct contact with an Ag/AgCl electrode. This is placed in cylindrical Teflon container screwed on the electrode frame. The schematic diagram of the electrode construction is shown in Fig. 1 . This type of electrode construction, having a membrane phase and no internal solution, possesses all the advantages of the "coated wire" electrode but its lifetime is longer owing to the large volume of the potential creating phase, which acts as a reservoir of the active substance. The potential of internal reference Ag/AgCl electrode is stable and determined by Cl -ions originating from the PVC degradation as well as from dissolution and dissociation of AgCl in membrane solvents [27] .
Active substance of the liquid membrane phase
2-amino-5-(hydroxynaphtyloazo-1')-1,3,4-thiadiazole (ATIDAN) is a compound synthesized in the Department of Drug Chemistry, Medical University in Lublin by Zaręba [28] . It is a derivative of 1,3,4-thidiazole, which practically does not dissolve in water but dissolves relatively well in plasticizers as well as in methanol, ethanol, acetone, dioxane, dimethyloformamide, amines, and aqueous solutions of about 10% of alkali metals hydroxides, and is the active substance of the membrane phase. ATIDAN is an acidic chelating agent, its dissociation constant values determined spectrophotometrically in methanol-water (1:1) solution at I = 0.1 is pK = 9,5. This substance appears in a form of red needles; it forms stable purple chelate complexes with cobalt ions. The complexes are insoluble in water but soluble in organic solvents. The formation of complexes has been studied in mixed aqueous-methanol solutions. The optimum pH values for formation of ATIDAN and cobalt complexes is 5.8-9.3.The values of stability constants of ATIDAN and cobalt complex pK = 9.68 [28] . The formula of ATIDAN is presented in Fig. 2 .
Preparation of the membrane
The electrode membrane phase consists of two layers placed in a Teflon holder: the inner layer containing plasticized PVC in which the Ag/AgCl electrode is placed and the outer layer contacting with the tested solution and containing the active substance apart from the inner layer components.
In order to prepare the inner layer, the membrane components (PVC, solvents and lipophilic saltpotassium tetrakis(p-chlorophenyl) borate (KTpClPB) were weighed respectively. The components were mixed and the mixture was de-aerated. The Teflon holder was filled with the mixture so that the silver-silver chloride electrode was immersed in it. Then the mixture was gelated at 80°C for 30 min. In order to prepare the outer layer, the ionophore was dissolved in a plasticizer (the same as the inner layer) with PVC and KTpClPB added. The mixture was de-aerated, placed on the inner layer and gelated at 80°C for 10 min. Then the mixture was cooled to room temperature. The electrode was conditioned for 3 h before the first using and for 0.5 h before next measurements in the 1×10 -3 mol L -1 CoCl 2 solution.
Results and Discussion
Potential response
The potential response of all membrane sensors was determined in cobalt chloride solutions of the concentration 1×10 -1 -1×10 -7 mol L -1 . The working concentration range and the slope of characteristics are listed in Table 1 .
The effect of plasticizer on potential response of electrodes based on ATIDAN is presented in Fig. 3 . As follows from the analysis of Fig. 3 and Table 1 , the response of the sensors is strongly dependent on the plasticizer used for membrane preparation. There are differences in E 0 values obtained for particular electrodes. The term E 0 incorporates all potential contributions of the measuring cell that are constant for this measurement and is unique for each membrane composition. The response of polymeric membrane electrode is connected from thermodynamic constants such as the free enthalpies of transfer of the uncomplexed ions from the sample into the membrane and, in the case of ionophore based system, the complex formation constant of ion-ionophore complex in the membrane. These thermodynamic parameters are dependent on the membrane composition, especially on the membrane solvent.
The optimal composition of membrane phase is composed of electrode no 2 containing a mixture of plasticizers TBP+TEHP (1:1 wt./wt.) in the membrane phase. The characteristic slope of this electrode is 30.1 mV/decade, the limit of detection is 1.5×10 -6 mol L -1 , the linearity range is 1×10 -1 -4.0×10 -6 mol L -1 .
Selectivity
Selectivity of a membrane ion-selective electrode is its response to the primary ion in the presence of other ions. This is an important characteristic of a sensor and determines the extent to which a sensor can be employed in the analysis of real samples. The selectivity of the studied sensors was evaluated by establishing their selectivity coefficients in reference to interfering ions. The selectivity coefficients were determined by the separate solution method (by extrapolating the response functions to a i = a j = 1 mol L -1 ) [29] as well as by fixed interference method [30] (interfering ions concentration 1×10 -2 M and 1×10 -3 ). The values of selectivity coefficients obtained by both methods are comparable. Fig. 3 shows the selectivity coefficients (log K pot Co/M ) determined by FIM method. As follows from the analysis of Fig. 4 , the proposed sensor no 2 is selective to cobalt over all interfering ions except Cu 2+ and Cd 2+ for which the value of selectivity coefficient is greater than 0.01. These ions can disturb the cobalt ions determination if their concentration is greater than 0.01 mol L -1 .
Response time
The response time of the examined electrodes was established by injecting concentrated standard solutions into stirred CoCl 2 solution. Simultaneously, EMF changes of the system with cobalt electrode-reference electrode were recorded. After injecting concentrated standards, the solution was diluted with water (1:1).
The response time of all electrodes is very short 5-10 s. The dynamic response of studied sensors is presented in Fig. 5. 
Dependence of EMF on pH
The dependence of the electrode potential on pH was investigated using 1×10 -3 mol L -1 CoCl 2 solution over the pH range 3.0 -11.0. Adjustment of pH was carried out using universal buffer solutions. Fig. 6 illustrates the dependence of EMF on pH of studied electrodes.
The electrode no 2 showed a good response to Co 2+ ions in the useful pH range 4.6 -9.0.
Life time and long term stability
The prepared electrode analytical usefulness time was tested over a period of 7 months. During this period the electrode was put to weekly use for 5 h and the slopes and detection limits were measured in freshly prepared CoCl 2 solutions. Obtained results are given in Table 2 . On this basis the electrode's life time was estimated for about six month. The electrode potential is stable in time. The determined drift of potential for electrode no 2 is 0.1 mV per day. ) of studied sensors determined by FIM method.
Analytical application of electrode
Practical usefulness of the proposed membrane sensor was showed by its use as an indicator electrode for the titration of 50 mL of 5.0×10 -4 mol L -1 Co 2+ ions (pH = 7.5) with 5.0×10 -3 mol L -1 EDTA solution. The end-point of the titration has been determined using the first derivative method. The relative standard deviation in the determination of seven replicate samples is 1.3%. The obtained results are shown in Fig. 7 . As seen, the amount of cobalt ions in the solution can be accurately determined with the electrode. It is interesting to note that the resulting titration curve is unsymmetrical, potential response after the end-point will remain almost constant due to too low concentration of free Co 2+ ions in solution.
The membrane electrode can be used in flow injection potentiometric measurements. The electrode response obtained in flow system is similar to those determined in non-flow conditions.
To assess the practical applicability of the sensor in real samples, an attempt was made to obtain recoveries of cobalt in tap water and river water samples. Further, the electrode was also successfully applied to direct determination of cobalt in wastewater from local glassworks. The analysis was performed by using the standard addition technique. The results are summarized in Table 3 . As seen good recoveries were obtained in all samples. Thus the electrode provides a good alternative for the determination of Co 2+ in real samples.
Conclusions
The all plastic membrane electrode based on 2-amino-5 (hydroxynaphtyloazo-1')-1,3,4-thiadiazole (ATIDAN) with TBP + TEHP as membrane solvent was prepared.
This electrode is comparable to those reported in the literature (Table 4) . Furthermore the proposed "all plastic" electrode is more convenient in use because it does not have to work in a vertical position and does not need operation with internal solution. The electrode may be used for cobalt determination in the range 10 -1 -1.5 × 10 -6 mol L -1 . Its lifetime is 6 month when kept under air.
